An important effector function of the human complement system is to directly kill Gram-16 negative bacteria via Membrane Attack Complex (MAC) pores. MAC pores are assembled when 17 surface-bound convertase enzymes convert C5 into C5b, which together with C6, C7, C8 and 18 multiple copies of C9 forms a transmembrane pore that damages the bacterial cell envelope. 19 Recently, we found that bacterial killing by MAC pores requires local conversion of C5 by 20 surface-bound convertases. In this study we aimed to understand why local assembly of MAC 21 pores is essential for bacterial killing. Here, we show that rapid interaction of C7 with C5b6 is 22 required to form bactericidal MAC pores. Binding experiments with fluorescently labelled C6 23 show that C7 prevents release of C5b6 from the bacterial surface. Moreover, trypsin shaving 24 experiments and atomic force microscopy revealed that this rapid interaction between C7 and 25 C5b6 is crucial to efficiently anchor C5b-7 to the bacterial cell envelope and form complete 26 MAC pores. Using complement-resistant clinical E. coli strains, we show that bacterial 27 pathogens can prevent complement-dependent killing by interfering with the anchoring of C5b-7.
Introduction
Since our data indicate that C7 is crucial to prevent the release of C5b6 from the surface, we 144 hypothesize that C5b6 loses its bactericidal capacity upon release from the surface. To test this 145 hypothesis, supernatant containing C5b6 that is released from the bacterial surface (sup E. coli + 146 C56, used Fig. 3A) was tested for its bactericidal activity. The concentration of C5b6 in the 147 supernatant was estimated at ~10 nM by ELISA (S2) and by an erythrocyte lysis assay (S4).
148
Incubation of this supernatant containing released C5b6 together with C7, C8 and C9 did not 149 result in IM damage on convertase-labelled MG1655 (Fig. 4A) . By contrast, when uncleaved C5 150 and C6 was used together with C7, C8 and C9, the IM was efficiently damaged (Fig. 4A) . C5b6 151 7 in the supernatant resulted in the deposition of fluorescently labelled C9 (Fig. 4B) , but the 152 deposition of C9 was approximately ten-fold lower compared to C5b6 that is generated at the 153 bacterial surface. Even when the deposition of C9 was comparable to surface-generated C5b6, 154 released C5b6 did not form MAC pores that damaged the bacterial IM. Altogether, these data 155 indicate that C5b6 that is released from the bacterial surface loses its bactericidal potential.
156
Rapid interaction between C7 and C5b6 results in more efficient recruitment of C9 157 Since our data imply that assembly of MAC pores by released C5b6 does not result in similar 158 deposition of C9 compared to by locally generated C5b6, we next wondered if rapid interaction 159 between C7 and C5b6 at the bacterial surface enhances the recruitment of C9. Therefore, the 160 experimental set-up of Fig. 2A was used to measure both the deposition of C9 and C6 and the 161 ratio between these components. C9 deposition for C5b6 generated in the absence of C7 was 162 approximately 50-fold compared to C5b6 generated in the presence of C7 (Fig. 5A) . This 163 coincided with a five-fold decrease of C6 deposition for C5b6 generated in the absence of C7 164 (Fig. 5B) . This difference in C6 deposition was not caused by a difference in conversion of C5, 165 as shown by similar amounts of C5a in the supernatant (S5). Since one C5b6 molecule is 166 expected to recruit up to 18 C9 molecules to form a complete MAC pore (10, 11) , we wanted to 167 analyze the ratio between these components based on the fluorescence measured by flow 168 cytometry. This ratio could indicate whether or not rapid interaction between C5b6 and C7 169 affects the total amount of C9 molecules per C6 molecule on the surface. For MAC pores derived 170 from C5b6 generated in the presence of C7, the C9:C6 ratio was ten-fold higher compared to 171 C5b6 generated in the absence of C7 (Fig. 5C) . Together, these data indicate that rapid 172 interaction between C7 and C5b6 enhances the recruitment of C9 to the bacterial surface.
173
Rapid interaction between C7 and C5b6 affects how C5b-7 is anchored to the bacterial cell 174 envelope 175 We next wondered if the rapid interaction between C7 and C5b6 affects how C5b-7 is anchored 176 to the bacterial cell envelope. Recently, we showed that bactericidal MAC pores are insensitive 177 to proteolytic cleavage by trypsin, whereas non-bactericidal MAC pores are cleaved by trypsin 178 (16). We hypothesize that rapid interaction between C7 and C5b6 could more efficiently anchor 179 C5b-7 to the bacterial cell envelope and render the complex insensitive to proteolytic cleavage 180 8 by trypsin. Convertase-labelled bacteria were therefore labelled with C5b-7 either by locally 181 generating C5b6 in the presence of C7 or by adding purified C5b6 (pC5b6) together with C7 and 182 then exposed to trypsin. Next, trypsin was inhibited with soy-bean trypsin inhibitor and C8 and 183 C9 were added to measure to measure the deposition of C9 (schematic overview Fig. 6A ). When 184 pC5b6 was used to assemble C5b-7, trypsin shaving led to a twenty-fold decrease in C9 185 deposition ( Fig. 6B) . By comparison, when C5b6 was generated locally in the presence of C7, 186 trypsin resulted in a two-fold decrease in C9 deposition ( Fig. 6B) . Moreover, locally generated 187 C5b-7 that was exposed to trypsin could still form MAC pores that damaged the bacterial IM 188 when C8 and C9 were added ( Fig. 6C) , although titration of the amount of C5b-7 on the 189 bacterial surface revealed a two-fold decrease in IM damage due to trypsin shaving.
191
We next wanted to confirm that C9 deposition correlates with the formation of complete MAC 192 pores. In our previous study we have shown that atomic force microscopy (AFM) can be used to 193 detect complete MAC pores on bacteria (16). Non-bactericidal MAC pores derived from purified 194 C5b6 could not be detected by AFM in this study, which is why we focused on analysing MAC 195 pores derived from C5b6 generated in the presence of C7 by AFM. Therefore, bacteria were 196 immobilized on glass slides and labelled with convertases. These convertase-labelled bacteria 197 were incubated with C5, C6 and C7 and subsequently exposed to trypsin as in Fig. 6A . Confocal 198 microscopy was used on non-bactericidal MAC pores derived from pC5b6 to confirm that 199 trypsin shaving on immobilized bacteria was comparable to cells in suspension (S6A). Complete
200
MAC pores were still detectable by AFM when C5b-7 was exposed to trypsin ( Fig. 6D) . 201 Quantification based on all acquired images revealed that the average amount of MAC 202 pores/µm 2 was reduced approximately two-fold by exposing C5b-7 to trypsin (S6B), 203 corresponding with the two-fold decrease in C9 deposition by flow cytometry (Fig. 6B) . 204 Altogether, these data show that rapid interaction between C7 and C5b6 is required for efficient 205 anchoring of bactericidal C5b-7 to the bacterial cell envelope. Finally, we wondered whether the above insights into MAC assembly could help understand how 209 bacteria resist complement-dependent killing. In particular, earlier reports have shown that 210 9 certain Gram-negative bacteria can resist complement-dependent killing despite the deposition of 211 MAC pores (23) (24) (25) . In line with these earlier reports, in our strain collection we also identified 212 clinical E. coli strains that were complement-resistant although MAC pores were efficiently 213 formed. Based on the molecular insights mentioned above, we wondered whether the anchoring 214 of C5b-7 and insertion of MAC pores into the bacterial cell envelope was affected on these 215 strains. We selected two clinical complement-resistant E. coli strains isolated from the urine of 216 patients (552059.1 and 552060.1). When these clinical E. coli strains were incubated in C5-217 depleted serum we observed comparable complement activation to complement-sensitive strains 218 (MG1655 and 547563.1), as measured by the deposition of C3b (Fig. 7A ). Incubating these 219 convertase-labelled bacteria with purified MAC components (C5-9) did not cause IM damage 220 ( Fig. 7B ) despite comparable deposition of C9 to complement-sensitive strains ( Fig. 7C) . Next,
221
MAC pores on these bacteria were shaved with trypsin after MAC pores were completed to 222 measure if MAC pores were efficiently inserted into the bacterial cell envelope. Trypsin shaving 223 of MAC pores in both complement-resistant strains resulted a 90% decrease of C9 deposited on 224 the surface compared to a no trypsin control, whereas on complement-sensitive strains this 225 decrease was only 20 or 40% for MG1655 and 547563.1, respectively ( Fig. 7D) . Finally, we 226 assessed if anchoring of C5b-7 was also affected on these complement-resistant strains. Bacteria 227 were therefore incubated with C8-depleted serum to label them with C5b-7, after which bacteria 228 were exposed to trypsin. Next, C8 and C9-Cy5 were added so we could measure C9 deposition.
229
On both complement-resistant strains, trypsin shaving of C5b-7 resulted in and 80% decrease in 230 C9 deposition compared to the buffer control, whereas on complement-sensitive strains decrease 231 in C9 deposition was 40 or 30% compared to the buffer control for MG1655 and 547563.1, 232 respectively ( Fig. 7E) . Altogether, these data indicate that complement-resistant E. coli can 233 prevent complement-dependent killing by MAC pores by preventing efficient anchoring of C5b-234 7 and insertion of MAC pores into the bacterial cell envelope. between C5b6 and C7 is not required for MAC-mediated lysis of erythrocytes (7, 12, 15, 19, 20) , 242 our data indicate that rapid interaction of C7 with convertase-generated C5b6 is essential to form 243 bactericidal MAC pores. This is, to the best of our knowledge, the first study showing that a 244 time-sensitive interaction between C5b6 and C7 is crucial to form functional MAC pores on 245 bacteria. Studies on erythrocytes and liposomes have suggested that C5b6 could release from the 246 convertase and, upon interaction with C7 in the fluid-phase, again anchor to membranes and 247 form functional MAC pores (8, 21, (26) (27) (28) . However, our data indicate that for the assembly of 248 bactericidal MAC pores C5b-7 requires direct anchoring to the bacterial cell envelope to retain 249 its bactericidal potential (Fig. 8A) . This direct anchoring of C5b-7 prevents release of C5b6 from 250 the bacterial surface, and our data indicate that released C5b6 fails to form bactericidal MAC 251 pores despite being capable of binding to bacteria and recruiting downstream MAC components 252 ( Fig. 8B-I) . This supports our earlier results showing that commercially available C5b6 (formed 253 on zymosan surfaces) also lacks bactericidal capacity (16). Thus, in addition to the fact that local 254 assembly of C5b6 by a C5 convertase is essential for bacterial killing (16), we now show that 255 even locally formed C5b6 can lose its bactericidal capacity if it does not rapidly interact with C7 256 ( Fig. 8B-II) . Because this delayed interaction with C7 also correlated with an increased 257 sensitivity of C5b-7 to trypsin, we hypothesize that the rapid interaction between C5b6 and C7 is 258 crucial for efficient anchoring of C5b-7 to the bacterial cell envelope ( Fig. 8B-III) . 259 Why direct anchoring of C5b-7 is crucial for bacterial killing by MAC pores remains unclear. 260 We hypothesize that rapid interaction of C5b6 with C7 might facilitate a specific orientation of 261 C5b-7 that allows the metastable lipophilic domain of C7 (7) to efficiently anchor to the bacterial Normal human serum (NHS) was obtained from healthy volunteers as previously described (43).
318
Serum depleted of complement components C5, C6 or C8 was obtained from Complement 319 Technology. Complement components purified C5b6 (pC5b6) and C8 were also obtained from 320 Complement Technology. His-tagged complement components C5, C6, C7, C9 and were 321 expressed in HEK293E cells at U-Protein Express and purified on HisTrap Excel columns.
322
OmCI was produced in HEK293E cells at U-Protein Express as well and purified as described For all experiments, bacteria were plated on Lysogeny Broth (LB) agar plates. Single colonies 345 were picked and grown overnight at 37 °C in LB medium. The next day, subcultures were grown 346 by diluting at least 1/30 and these were grown to mid-log phase (OD600 between 0.4 -0.6).
347
Once grown to mid-log phase, bacteria were washed by centrifugation three times (11000 rcf for 348 2 minutes) and resuspended to OD 1.0 (~1 x 10 9 bacteria/ml) in RPMI (Gibco) + 0.05% human 349 serum albumin (HSA, Sanquin). for 30 minutes at 37 °C and were subsequently washed three times. If bacteria were labelled with 367 C5b-7 via purified components, bacteria were first mixed with C5, C6 or pC5b6 before adding 368 C7 to prevent fluid-phase aggregation of C5b-7 complexes. When bacteria were immediately 369 labelled with both convertases and C5b-7 in one step, bacteria were incubated with 10% C8-370 depleted serum at OD600 = 1.0 (~1 x 10 9 bacteria/ml) for 30 minutes at 37 °C. C5b-7 labelled 371 bacteria were subsequently incubated with C8 and C9 for 30 minutes at 37 °C. In all 372 experiments, 2.5 µM of Sytox Blue Dead Cell stain (Thermofisher) was added to the final 373 incubation step of the experiment. Samples were diluted 10-20 times and subsequently analyzed 374 in the BD FACSVerse flow cytometer for forward scatter (FSC), side scatter (SSC), Sytox and 375 Cy5 intensity. In all these experiments, RPMI + 0.05% HSA was used as buffer and all washing 376 steps were done by centrifugation at 11000 rcf for 2 minutes.
377
Collecting supernatant containing released C5b6
378
For assays in which bacterial supernatants were harvested, bacteria were labelled with 379 convertases as described previously with C5-depleted serum with RPMI + 0.05% HSA as buffer.
380
In these assays, the bacterial concentration and complement component concentration was 381 increased ten-fold to maximize the yield of released C5b6. Therefore, bacteria at OD600 = 0.5 382 (~5 x 10 8 bacteria/ml) and C5, C6, C7, C8 and C9 at 100/100/100/100/1000 nM were incubated 383 for 1h at 37 °C. Bacteria were next spun down to collect the supernatant, which was 384 supplemented with 25 µg/ml OmCI (~ 1 µM) to specifically block uncleaved C5 in further 385 assays.
386
C5b Western blots 387 Bacterial supernatants were collected as described above and the cell pellets were also collected. for 60 minutes at 37 °C. Secondary staining was performed with a 1:5.000 of HRP-conjugated 411 pooled donkey antisera against goat IgG (H+L) (Southern Biotech) in PBS-T supplemented with 412 1% BSA for 60 minutes at 37 °C. In between all steps, wells were washed three times with PBS-413 T. Finally, fresh tetramethylbenzidine (TMB) was added for development, the reaction was 414 stopped with 4N sulfuric acid and the OD450 was measured.
415
Haemolytic assays 416 Rabbit erythrocytes were collected from rabbit blood obtained from the Veterinary Department 417 and stored 1:1 in Alsever (0.4% NaCl, 2% D-glucose, 0.8% sodium citrate, 0.055% citric acid) 418 for a maximum of two weeks. Rabbit erythrocytes were isolated by spinning down the blood at Bacteria were labelled with C5b-7 as described previously and subsequently washed three times 433 by centrifugation (11000 rcf for 2 minutes). Bacteria were resuspended into RPMI + 0.05%
434
HSA, which was used as buffer for all other incubations. For experiments where C5b-7 was 435 shaved with trypsin, C5b-7 labelled bacteria at OD600 = 0.05 (5x10 7 /ml) were incubated with 10 436 µg/ml bovine trypsin (Sigma) for 20 minutes at 37 °C. Next, 25 µg/ml soy bean trypsin inhibitor 437 (sbti, Sigma) was added along with 10 nM C8 and 20 nM C9 for 20 minutes at 37 °C. For 438 experiments where C5b-9 was trypsinized, C5b-7 labelled bacteria were first incubated with 10 439 nM C8 and 20 nM C9 for 20 minutes at 37 °C and then exposed to 10 µg/ml trypsin for 20 Bacteria were grown as previously described and resuspended in HEPES buffered saline (HBS, 446 20 mM HEPES/120 mM NaCl at pH 7.4) to OD600 = 1.0 (1x10 9 bacteria/ml). 100 µl of bacteria 447 were immobilized on cleaned glass slides (Corning/Sigma Aldrich) covered with Vectabond ® 448 (Vector Laboratories, USA) as described previously for 30 minutes at RT (45) . During all steps, 449 care was taken in preventing the droplet from drying out. Immobilized bacteria were labelled 450 with convertases by incubation with 10% C5-depleted serum in HBS supplemented with 0.1% 451 BSA and 2.5 mM MgCl 2 (HBS+) for 20 minutes at 37 °C. Immobilized bacteria were then 452 washed with HBS+ and treated with 100 nM C5, 100 nM C6 and 100 nM C7 in HBS+ for 30 453 minutes at 37 °C. Next, immobilized bacteria were washed and treated with 10 µg/ml trypsin in 454 HBS+ for 30 minutes at 37 °C. This was followed by a wash and treatment with 100 nM C8 and 455 1000 nM C9 for 30 minutes at 37 °C. Finally, bacteria were washed with HBS and imaged by 456 AFM.
457
Intermittent-contact mode atomic force microscopy was performed on a Nanowizard III AFM were between 95 and 125 kHz and amplitudes were between 8.5-20.5 nm, equivalent to a 10-461 50% drop from the free amplitude 5-10 µm from the sample surface. AFM was performed in 462 HBS within 4 hours of sample preparation. Images are 512x512 pixels. Whole bacteria scans 463 were 2x2 µm 2 ; 500x500 nm 2 scans were then performed over the bacterial surface. Large scans 464 were performed at 1-3 Hz and smaller scans at 10-15 Hz. Data was analysed in JPK data 465 processing software (Bruker AXS, CA, USA). 2x2 µm 2 scans were processed by applying a first-466 order plane fit. 500x500 nm 2 scans had a line-by-line 2 nd or 3 rd order flattening and a Gaussian 467 filter with  = 1 pixel, to remove high-frequency noise, applied. 
